Abstract: Recently research into active gas bearings has had an increase in popularity. There are several factors that can make the use of gas bearings favourable. Firstly gas bearings have extremely low friction due to the usage of gas as the lubricant which reduce the needed maintenance. Secondly gas bearings is a clean technology which makes it possible to use for food processing, air condition and applications with similar requirements. Active gas bearings are therefore useful for applications where downtime is expensive and dirty lubricants such as oil are inapplicable. In order to keep as low downtime as possible it is important to be able to determine when a fault occurs. Fault diagnosis of active gas bearings is able to minimize the necessary downtime by making certain the system is only taken offline when a fault has occurred. Usually industry demands the removal of any sensor redundancy in systems. This makes it impossible to isolate faults using passive fault diagnosis. Active fault diagnosis methods have been shown able to isolate faults when there is no sensor redundancy. This makes active fault diagnosis methods relevant for industrial systems. It is in this paper shown possible to apply active fault diagnosis to diagnose parametric faults on a controllable gas bearing. The fault diagnosis is based on a statistical detector which is able to quantify the quality of the diagnosis scheme.
INTRODUCTION
Control of active radial gas bearings by means of piezoelectric actuation is an interesting subject that can significantly extend gas bearing technology in the framework of industry 4.0. Until recently all multiphysical mathematical models derived based on the first principles, linking fundamental equations coming from the fields of rotordynamics, fluid dynamics, material science and control techniques, presented considerable deviations from experimental results, as it can be concluded from [1] [2] [3] [4] [5] . Not long ago there wasn't any proper models available for control design of active radial gas bearings via piezoelectric actuation. Pierart and Santos [6] [7] [8] [9] developed accurate mathematical models based on the first principles leading to high order models consisting 144 states. After model reduction, it was shown by the authors to be possible to use them to effectively design model-based controllers. Lately it was shown by [10] that identification of low order models of the position of a shaft held in place by an active gas bearing using a 6âȂŹth order linear model is possible. With such a model it is possible to design advanced controllers such as done in [10] . The goal of all the controllers applied to the gas bearings has been to reject external disturbances. This is possible as long as the system is not changing. Fault detection is thus relevant to determine when and how the system changes such that appropriate action can be conducted and performance regained. It has previously been shown how to detect and isolate faults for several different mechanical systems such as induction engines [11] , gearboxes [12] and bearings [13] . In all these cases the goal of the fault diagnosis was to regain performance or stop the system before it broke down.
Fault diagnosis can be divided into two subcategories, active and passive fault detection. Where passive fault diagnosis makes it possible to diagnose faults by information gained from redundancy, active fault detection introduces an excitation signal in order to gain information usable for diagnosis of faults. The gas bearing system used in this paper has a fixed non-redundant number of sensors which can become problematic for fault diagnosis based on passive fault diagnosis. For such a system, as the active gas bearing, isolation of several faults using passive fault diagnosis can become unrealistic to achieve. Active fault detection add information, through an excitation signal, to the diagnosis scheme and is therefore seen as a more appropriate approach for fault diagnosis of the active gas bearing.
the research branching into two directions. One branch treats the fault diagnosis problem as a discrete bank of different possible systems and compares the measured output with that predicted given each of the systems in the bank. One of the systems represents the healthy system while the others represent the system subject to one of the possible faults. Extensive effort has been put into defining the framework and the optimal input for the diagnosis of such a problem statement [14] [15] [16] [17] [18] [19] [20] . Another approach for defining the effect of the fault has been proposed in [21] . Here a fault signature system is designed and the effect of each of the faults on the fault signature system is instead used for diagnosis [22, 23] . The approach is based on the system being part of a closed loop scheme and automatically decouple the noise from the residual. The active gas bearing should always have an controller active when faults are introduced due to safety where this feature becomes extra convenient.
The main contribution of this paper is to diagnose faults on an active gas bearing. The active gas bearing test rig used is a multiple input multiple output system with two inputs(piezo actuators) and two measured outputs(displacement sensors). It is shown possible to diagnose faults occurring both on the piezo actuators and the displacement sensors using a non-redundant sensor setup. The fault detection is conducted by designing a fault signature system and using a matched filter detector for diagnosis of the faults. The method was proposed in [24] where examples using a simple second order system were given. There it was shown that the method makes it easy to determine the impact of the feedback loop for closed loop systems. All faults considered are here modelled as parametric faults. It is here shown possible to successfully diagnose different faults for the gas bearing under non-rotating as well as rotating conditions. Furthermore experiments have been conducted using both a simple proportional controller as well as a linear-quadratic controller. Lastly a whitening filter proposed in [24] was implemented and shown able to whiten the noise on the residual signal. The whitening of the noise makes the residual into a standard form for design of statistical detectors. This paper is structured as follows: In Section 2. the model of the gas bearing is introduced together with the identification results; In Section 3. the controller design and augmented controller scheme is presented; In Section 4. the parametric faults considered are defined; In Section 5. an analysis of the excitation signal design is conducted; In Section 6. the detector design is presented; In Section 5. an analysis of the excitation signal design is conducted; In Section 7. the experimental results are presented, and finally, in Section 8., a discussion of the results and future possible improvements are given.
MODEL STRUCTURE
An active gas bearing is used for the experimental work conducted in this paper. A schematic of the gas bearing considered is shown on Figure 1 . The vertical piezo actuators denoted b and the horizontal piezo actuators denoted c on Figure 1 have each respectively been lumped together as a single controllable input. The goal is to keep a rotor in place using only the active gas bearing. This is done by pumping air into the gas bearing through the tubes a using the piezo actuators b and c. The rotor and gas bearing are connected by a flexible shaft. The horizontal and vertical positions of the rotor are measured and used for feedback control. A picture of the experimental test rig is shown on Figure 2 where the location of the displacement sensors and actuators can be seen.
A low order physical model structure was identified in [25] which can describe the main dynamics. The model describe the dynamics from the piezo actuators to the position of the disc. It was shown that the model depends on the rotational speed of the rotor and injection pressure of the lubricant injected into the bearing gap. In this work a constant rotational speed and fixed pressure of the gas in the active gas bearing is chosen for each experiment. The state vector is defined in equation (1) .
Here l is a column vector denoting the lateral displacement of the rotor in the horizontal and vertical direction respectively. M is a column vector denoting the state of the actuator dynamics described by the linear position of the piezo electric stacks. Let the system be described by the standard state space description given by equation (2) . Fig. 2 . Picture of the experimental test rig used for conducting active fault detection. The different parts of the test rig are as follows: b are the piezo actuators which pump air into the controllable gas bearing in the vertical direction, c are the piezo actuators which pump air into the controllable gas bearing in the horizontal direction, d is the flexible shaft, e is the sensor measuring the vertical displacement of the disc, f is the disc and g is the sensor measuring the horizontal displacement of the disc.ẋ
Where:
As shown in [10] it is possible to state a model structure as given in Eq . (4) -(7) using a standard state space description of the system as given in equation (2) .
Here K is the stiffness matrix of the system and is in [ 
h j is the first order low pass filter through which the system is actuated.
The model parameters have been identified using a grey box open loop prediction error method. The parameters are given in Table 1 for the gas bearing without rotation and in Table 2 when the shaft is rotating at 1100 RPM. A rotational speed of 1100 RPM has been chosen as a prove of concept to show that it is possible to diagnose faults during rotation. The identified model is discretised using the zero order hold method for design and implementation of controllers on the active gas bearing. A sampling rate of 5000 Hz (sampling time = 0.0002s) is chosen for the discrete model.
CONTROLLER SETUP
Two different controllers are discussed and implemented to examine the effect of different control architectures in connection with fault diagnosis of the active gas bearings. The first controller implemented is a simple P-controller where the gain is determined by examining its root, while the second controller is an observer based LQR controller.
Design of P controller
In order to be able to examine the root of the closed loop system poles the controller is given as in equation (9) .
Using same control in both directions is found appropriate due to the similar dynamics for the two directions. This description of the controller with k being a scalar makes it possible to follow the loci of the poles where as for a proper MIMO controller, with non-diagonal elements different from zero, the Gershgorin circle theorem would be applicable instead. The root locus plot is shown on Figure  3 for the control design given in equation (9). Using Figure 3 the controller gain k was chosen to be −0.2 and the final controller is thus given in equation (10) .
The controller design was chosen to examine the effect of a simple controller without considering any cross coupling.
Design of LQR controller
The second controller used for experiments is a LQR controller designed using a full order observer. The observer gain is shown in equation (11) and the state feedback gain is given in equation (12) . 
With both a proportional and observer based control design the detectors are implemented using the active fault diagnosis scheme as presented on Figure 4 . Here J k is the controller augmented with the vector signals (α,β ) and θ denotes the parametric faults in the system. The noise has been omitted from Figure 4 and will be considered in section 6.. For an observer based controller design the setup in Figure 4 is realised by letting the signal β be the innovation signal and by letting α be a control signal of J k , see Figure 4 . With the controller architecture from Figure 4 the detection signal β is given by equation (13) .
Here S(θ ) is the fault signature system. β h is the residual in the horizontal direction and β v is the residual in the vertical direction. Equivalently α h is the excitation signal in the horizontal direction and α v is the excitation signal in the vertical direction. The fault signature system has the property of being zero in the fault free case and non-zero when a fault has occurred or as written in equation (14) .
It is always possible to design an augmented controller scheme as in Figure 4 by a coprime factorisation of controller and plant. The method is explained in the supplemental material where it is shown how to design J k and find the Youla-Kucera factorisation given different controller designs.
The ability of the gas bearing to suppress disturbances is shown on Figure 5 for both the nominal gas bearing and for each of the two implemented controllers. The plot shows that both controllers give the system increased disturbance rejection compared to the open loop system. to the displacement of the rotor for when the rotor is not rotating. The left column is for a disturbance in the horizontal direction while the right column is for a disturbance in the vertical direction. Equivalently the top row is for the position of the rotor in the horizontal direction while the bottom row is for the position in the vertical direction. The blue line represent the gas bearing without any control, the red line represent the gas bearing with the LQR controller implemented and the green line represent the gas bearing with the proportional controller implemented.
FAULT DESCRIPTION
In this section the possible faults considered are discussed and the fault signature system is derived based on the faults to be detected. Typically faults on an active gas bearing are due to wear of the actuators and defective sensors. The model structure established in section 2. forms the basis for the fault structure introduced in this section.
In this paper the faults considered are represented as parametric faults. Faults on the actuators are represented as a decrease in the input gain, while a fault on a sensor is modelled as a decrease in the sensor readings. The different possible faults have been summarised in Table 3 together with the bounds associated with each of the faults. With the bounds as shown in Table 3 , the fault free case corresponds to θ i = 0 where as a complete failure hence a fault of 100% corresponds to θ i = -1 where i represent the specific fault.
The possible faults are described using a linear fractional transformation as shown in equation (15) .
Further, the connection between z and w is given by equation (16) .
Where θ is a diagonal matrix with the four faults considered, i.e. Where the augmented system is defined as in equation (18) .
The augmented plant G aug is shown in equation (19) .
DESIGN OF THE EXCITATION SIGNAL
During fault diagnosis, the process is disturbed by the excitation signal. Reducing the disturbance to the production is imperative so that the performance degradation is minimised during fault diagnosis. It is therefore convenient to use an excitation signal that makes it possible to detect the faults while trying not to disturb the process. A method for determining the frequency of the sinusoidal excitation signal was introduced in [24] . The goal of the method is to maximise the impact of faults on the fault signature system while minimising the impact of the excitation signal on the outputs. Based on Fig. 4 the transfer function from the excitation signal to the residual signal is found. It is thus possible to determine the impact of the faults on the residual signal. It is worth noting that the transfer function from the excitation signal to the residual signal depends on the specific fault occurring and the known nominal model as well as controller parameters. Equivalently the transfer function from the excitation signal to the outputs of the system is required to define an efficiency criteria:
Here ξ r (ω) is the frequency dependent gain from the excitation signal α to the output of the fault signature system β . Equally ξ y (ω) is the frequency dependent highest singular value for the single input multiple output system from the excitation signal α to the outputs y. With f α defined in equation (20) the frequency of the excitation signal can be determined as shown in equation (21) .
Here ω 1 and ω 2 are chosen as the bound for the frequencies considered using for the excitation signal. The active gas bearing has two possible inputs for the excitation signal and two possible residual signals where four different combinations are possible and should be considered. A plot of the efficiency gain of the residual for a fault corresponding to a gain degradation of 50% for each of the four faults, using the proportional controller is shown on Figure  6a to Figure 6d where the four different possible excitation and residual signal combinations have been tested.
From Figure 6a to Figure 6d it is seen that f α increases as the frequency of the excitation signal is increased. The frequency of the excitation signal was found using equation (21) with ω 1 = 1rad/s and ω 2 = 62rad/s. The excitation has been chosen to be 62 rad/s, such that the excitation signal is kept smooth given the sampling rate. With the frequency of the excitation signal selected it is necessary to examine the phase shift of the residual signal given the fault signature system for each of the 4 different parametric faults. It is possible to calculate the phase shift for the interval, fault free to failure, given the chosen excitation signal. The phase shift versus the magnitude of the faults is shown on Figure 7 using the excitation signal α h and residual signal β v .
Fault description
Notation Bound Description Horizontal actuator θ 1 [0 -1] The fault on the opening degree of the horizontal actuator is 100 · (−θ 1 )% is expected to be. This results in a reduction of the horizontal input gain. Vertical actuator
The fault on the opening degree of the vertical actuator is 100 · (−θ 2 )% is expected to be. This results in a reduction of the vertical input gain. Horizontal sensor
The fault on the measured distance of the horizontal displacement sensor is 100 · (−θ 3 )%. This is equivalent to a reduction in the horizontal output gain and the controller is then demanding wrong actuation. Vertical sensor
The fault on the measured distance of the vertical displacement sensor is 100 · (−θ 4 )%. This is equivalent to a reduction in the vertical output gain and the controller is then demanding wrong actuation. (d) Fig. 6 . Plot of f α versus the frequency of the excitation signal where α h and β h is used in Figure 6a , α h and β v in Figure  6b , α v and β h in Figure 6c and α v and β v in Figure 6d . The blue line represent f α given a fault on the horizontal actuator, the red line is for a fault on the vertical actuator, the green line represent the horizontal sensor and the black line represent the vertical sensor. Faults on the horizontal sensor cannot be detected when using β v and faults on the vertical sensor cannot be detected when using β h . Based on Figure 7 the phase shift given each of the four possible faults is found with an excitation signal frequency of 62 rad/s when using the excitation signal α h and residual signal β v . It is possible to make similar plots given the other combinations of excitation and residual signals.
It is not possible to detect faults on the horizontal displacement sensor using the horizontal residual as seen from Figure 6b and 6d. Equivalently it is found impossible to detect faults on the vertical displacement sensor using the vertical residual signal as seen on Figure 6a and 6c. It is therefore found necessary to use both the vertical and horizontal residual signals to be able to detect all the predetermined possible faults.
DETECTOR DESIGN
A detector design is required in order to detect and isolate faults. It is decided in this paper to use a matched filter detector design. Such a matched filter detector design was introduced in [26] and it was shown in [24] how to apply it to the case of active fault detection based on the fault signature system. Based on Figure 8 , diagnosis is based on equation (22) where the disturbance is introduced.
The signal β is as shown in equation (23) used as the residual signal denoted r in keeping with common practice, i.e
Here the disturbance d is assumed to be white gaussian noise (WGN). Based on the results in [26] it is possible to formulate a H 0 hypothesis as in equation (24) and a H 1 hypothesis as in equation (25) .
Here r[n] is the fault signature signal as given in equation (23), α is the excitation signal and |S(θ )| is the gain of the fault signature system given the selected excitation frequency and n φ is the delay of the excitation signal though the fault signature system. The fault free case thus results in simply white noise, while the faulty case results in a known signal with an unknown delay and unknown amplitude. The unknown delay and amplitude both depend on the specific fault occurring and the magnitude of the fault. Identifying the delay and amplitude thus make it possible to isolate the faults. A correlator design as presented in equation (26) is implemented to determine which fault most likely occurred.
Here n φ is the identified delay of the fault signature signal through the fault signature system, m is the length of the matched filter window and τ is the set of possible delays considered. With the delay identified a test statistic can be generated using equation (27) .
A schematic of the detector design explored in this section is shown in Figure 8 . Fig. 8 . Experimental test setup. G(θ ) represents the gas bearing, J k is the augmented controller, α is the excitation signal, β is the residual signal. The block T is the statistical detector implemented.
Based on this test statistic it is possible to determine the threshold(γ) and probability of detection(P D ). It is in this paper decided to base the threshold on the probability of a false alarm(P FA ). Before the threshold can be determined it is furthermore required to quantify the detector signals energy. In equation (28) the energy of the detector is given.
Here A |S(θ )| is the amplitude of the fault signature signal. Since more than one fault is considered A |S(θ )| is chosen to be the highest amplitude of the fault signature signal given the faults and fault magnitudes considered possible. With the energy of the signal determine it is possible to decide on a threshold for the test statistic given a probability of false alarm as shown in equation (29).
Here σ 2 is the variance of the measurement noise and Q( * ) is the complementary cumulative distribution function. With the use of the of the determined probability of a false alarm the probability of detection can be calculated using equation (30).
Here D is given in equation (31) and is the deflection coefficient which is based on the expected value of the test statistic for the case of a fault and no fault together with the variance of the test statistic in the fault free case.
F k is the notation for which of the considered faults that has occurred, thus the deflection coefficient and hence the probability of the detection changes depending on which fault that is considered.
Design and Performance of the Whitening Filter
The residual signal used in [21] and here denoted as β is filtering a systems noise signals through a linear filter. The detector design is based on the noise in equation (24) being white. This will in general not be satisfied when using the β signal as the residual for fault detection on the active gas bearing. A whitening filter is therefore needed.
The main contributor to noise (d) on the active gas bearing is identified to be the displacement sensors and a open loop experiment without any excitation was conducted which showed the noise to be approximately Gaussian and white. Using the signal β as the residual signal results in that the measurement noise is subject to a linear filter. It was proposed in [24] to design a whitening filter for the fault free case. Since the active gas bearing is open loop stable it is possible to find a whitening filter that also keep the variance of the noise the same on the residual signal as on the measurements. The residual signal is therefore reformulated in equation (32) using the known signal β and a linear whitening filter W .
The whitening filter W is designed such that the measurement noise on the active gas bearing is white in the fault free case on the residual signal. A throughout description of how to design the whitening filter can be found in [24] . A block diagram where the filter is implemented and the identified source of the noise is shown is shown in Figure 9 . Fig. 9 . Experimental test setup. G(θ ) represents the gas bearing, J k the augmented controller, α is the excitation signal, β is the residual signal subject to non-white noise, W is the whitening filter and r is the residual signal subject to white noise.
EXPERIMENTS
Based on the possible faults described in section 4., four experiments are conducted in order to show that it is possible to detect and isolate each of the four different faults considered using a one excitation signal and one residual signal. Each of the faults considered are induced as θ i = −0.5. Even though the faults are quite severe a gain reduction of 50% on the actuators is found to be likely. Such a reduction can be due to pressure loss or something getting stuck in the tube letting air into the active gas bearing. Due to the severity of the faults a linearised version of the fault signature system cannot be considered for the fault diagnosis.
Analysis of the noise on the Gas bearing
Firstly the effect of the whitening filter is examined. In order to examine the effect of the whitening filter W a residual signal has been obtained for the fault free gas bearing without any excitation signal applied. On Figure  10 the normalised autocorrelation is shown using the signal β which is the residual signal before any whitening has been conducted. It is clear from Figure 10 that the signal is not white even though the noise the system originally was subject to is. Equivalently the same test can be conducted using equation (32) as the fault signature system. In this case the normalised autocorrelation is shown on Figure 11 . From Figure 11 it is seen that the residual signal is much closer to being white in the fault free case. For a perfect model this experiment could be conducted with an active excitation signal applied, however even though the model is able to produce a good fit it is not considered perfect and the excitation signal would thus pollute the experiment. This imperfection of the model is also possible to see in that the residual signal, even though it is closer to being white, it is still not within the bounds of the statistical uncertainty for the autocorrelation function.
With the whitening filter verified an analysis of the noise on the residual signal is required. The residual signal has been monitored without any excitation signal applied and a normalised histogram is shown on Figure 12 for the horizontal direction and vertical direction. It is clear from the two histograms that the residual signal is subject to approximately gaussian noise with a mean of zero in both directions. The variance was found in the horizontal direction to be 0.12 and in the vertical direction to be 0.15.
Diagnosing faults using a P-controller
In the first experiment the residual signal from the horizontal direction is used whose variance the threshold is thus based upon. In this experiment the disc is not rotating. Before detection can be conducted it is needed to calculate the energy in the signal depending on the fault occurring and the magnitude of the possible fault. A plot of the gain through the fault signature system is shown on Figure 13 . Fig . 13 . Plot of the gain from the horizontal excitation signal α to the horizontal residual signal r given each of the possible faults. The blue line represent a fault on the horizontal actuator, the red line is for a fault on the vertical actuator, the green is for a fault on the horizontal sensor and the black represent the vertical sensor.
From Figure 13 the gain through the fault signature system is found to be close to 1 for a fault on the horizontal piezo electric actuator of 50% and around 0.0003 for a fault on the vertical actuator of 50%. A fault of 50% reduction in the opening degree was introduced on the horizontal actuator after 4 seconds. To determine whether it is possible to detect the fault a test statistic as shown in equation (27) is implemented. The threshold is determined using equation (29) as shown in equation (33).
The test statistic is then shown on Figure 14 for a fault on the horizontal actuator. It is clear from Figure 14 that it is possible to detect a fault on the horizontal actuator using the horizontal input and horizontal output. In order to determine which fault occur equation (26) 
The phase shift set corresponds to the phase shift introduced given a 50% degradation (θ i = −0.5) of each of the possible faults shown in Table 3 . The phase shift was found as the phase shift of the fault signature system S(θ ) for each of the 4 different possible faults respectively. The result of the decision algorithm is shown on Figure 15 using equation (26) . It is clear from Figure 15 that the fault is isolated almost 2 seconds after it has actually occurred and is detected. With a window of 2.5 seconds almost the whole window is used.
The decision algorithm determine a horizontal sensor fault to be most likely in the fault free case. There can be several reasons why the decision algorithm does not change between all the possible faults in the fault free case. The most obvious reason is because the model is not a perfect representation of the active gas bearings, thus the fault signature system is not zero in the fault free case. Furthermore the window length is chosen to be 2.5 seconds which makes small model deviations have a relative higher impact on the fault decision compared to the noise. This is clearly seen from Figure 16 where the window has been shortened to 0.2 seconds. From Figure 16 it is seen that the noise is dominant for the fault free case. Again the decision algorithm is able to isolate the correct fault, however in the fault free case the decision switches between all possible faults instead of being stuck at one as seen on Figure 15 . The window length of 2.5 seconds was found unnecessary for detecting faults on the horizontal piezo actuator. However in the case of possible faults on the vertical actuator such a window size becomes relevant due to the much lower gain of the fault signature system in case of such a fault occurring. A fault of 50% degradation, is imposed on the vertical piezo actuator after 4 seconds and the detection signal T (r) is shown on Figure 17 . We recall that such a fault corresponds to the valve opening half the expected amount, hence the input gain of the system has been reduced. Recall that a false alarm occurs every time that the signal T (r) goes above the stippled line before 4 seconds. We notice that we get more false alarms than we expected from the designed threshold. The unexpected amount of false alarms is assumed to be caused by the model uncertainties which has a higher impact on a vertical actuator fault than on the horizontal one in this experiment. This is due to the relative small gain through the fault signature system from the vertical excitation to the horizontal residual signal.
Again using equation (26) a decision on the possible fault occurring at each time step is shown on Figure 18 . It is again found possible to isolate the fault which has been introduced to the active gas bearing using equation (26).
Diagnosing faults using cross coupling
It has been shown possible to detect parametric actuator and sensor faults using a horizontal excitation and residual signal. It is in this experiment shown that it is possible to detect faults based on the cross coupling as well. Here it is done using a horizontal excitation signal and the vertical residual signal where again the disc is not rotating. As with the previous example the delay introduced to the residual signal given each of the possible parametric faults is found as shown in equation (35).
Experiments are conducted where each of the 4 possible parametric faults are introduced to the active gas bearing. A detection algorithm as presented in equation (27) is applied and the result for each of the 4 cases is shown in Figure 19 . It is seen form Figure 19 that by applying an excitation signal in the horizontal direction and using the vertical output of the fault signature system it is possible to detect faults on both the vertical and horizontal actuators. Where as it was expected that a fault on the horizontal actuator would not be detectable a fault on the vertical actuator should be. However the fault on the vertical displacement sensor is not detected due to the low gain from the excitation signal to the residual given a fault on the vertical displacement sensor.
7.4. Detecting faults while the gas bearing is rotating.
An experiment has been conducted where the shaft held in place by the active gas bearing has been set to rotate with a rotational speed of 1100 rounds per minute (RPM). The plant has been identified at a rotational speed of 1100 RPM and the plant has been diagnosed where a parametric fault of 50% has been introduced on the horizontal actuator. A plot of the detector (T [n]) is shown on Figure 20 . for the gas bearing when the shaft is rotating with 1100 RPM and a fault is introduced to the horizontal actuator. The excitation signal has been introduced in the horizontal direction and the horizontal output of the fault signature system has been used for the detection
The fault is introduced just after 4 seconds and a window length of 0.2 seconds is used. It is seen on Figure 20 that the fault is detected.
Diagnosing faults using a LQR based controller
For all the previous experiments the same proportional controller is used. An observer based controller is instead investigated here as described in section 3.. An excitation signal is used in the vertical direction and each of the 4 faults has been introduced to show the detectors ability to detect faults. The detection signal for each of the 4 faults being introduced is shown in Figure 21 . A vertical excitation signal is applied and the vertical output of the fault signature system is used for detection purposes. The top left plot is for a fault on the horizontal actuator where as the top right is for a fault on the vertical actuator. On the bottom left plot a fault is introduced on the horizontal sensor and on the bottom right a fault has been introduced on the vertical sensor instead.
It is seen from Figure 21 that it is still possible to detect different faults when the control scheme is changed. The method is thus shown able to apply with whichever linear control design used for the system. The isolation of the fault occurring is shown on Figure 22 for the fault on the vertical sensor. Again it is noted that a delay is present between a fault being detected and the isolation. The fault is proper isolated when the whole window is using data from after the fault has occurred.
CONCLUSION
It has been experimentally shown possible to detect and isolate different parametric faults on an active gas bearing using active fault diagnosis. It was shown advantageous to apply an active fault diagnosis method to an experimental active gas bearing test rig for diagnosis of parametric faults. The active fault diagnosis was based on the fault signature system. A maximum likelihood estimator was successfully applied to the problem. Two different controller architectures were tested, a proportional and an observer based, to show the methods flexibility. Both faults on the actuators and the sensors could be detected and isolated using the proposed control architectures. The results were achieved by the use of a single sinusoidal excitation signal found to minimize the disturbance on the system under the requirement of detectability of the considered faults. It was seen that using a single sinusoidal signal could make it difficult to distinguish between certain faults, but that the introduction of the excitation signal made redundant sensors not needed for isolation. The results thus showed consistency with the theory throughout the experiments. Furthermore threshold design with a whitening filter applied was shown to work. The assumptions used for the active fault diagnosis design was therefore found appropriate. The results have shown it possible to diagnose faults given a specific rotational speed of the active gas bearing. However as the rotational speed changes the dynamics of the active gas bearing is changing as well. It has been shown possible to control the system under such a setup using LPV control. The method should therefore in the future be extended for use with LPV controllers. 
COPRIME REPRESENTATION
The work presented in this paper exploits a coprime factorisation of the controller and plant in order to design residual signals for active fault detection. The fault free plant G(0) can be written as a coprime factorisation as shown in equation (36) and the controller K can be represented as a coprime factorisation as shown in equation (37).
Here the matrices denoted with a0 are known as the left coprime factorisation while those without are the right coprime factorisation. For such a coprime factorisation as shown in equation (36) and equation (37) the bezout identity as shown in equation (38) is satisfied.
Using the coprime factorisation of the nominal plant G(0) and controller K it is possible to define all controller that stabilise the nominal plant as shown in equation (39).
K(Q) = (Ṽ + QÑ)
−1 (Ũ + QM), Q ∈ RH ∞
It is possible to define an equivalent representation of all controller stabilising the nominal plant using the right factorisation as well. Such a controller can be implemented as shown on Figure 23 . Here S describe the system dynamics diverging from the nominal model, which in this paper is known as the system faults. How the system S influence the plant is shown in equation (40) using the right coprime factorisation and in equation (41) 
Furthermore the two signals α and β has been introduced on Figure 23 which are used for injecting the excitation signal used for active fault detection and design of the residual generator. It was shown in [24] that for a system as shown in Figure 23 With the controller designed it is possible to calculate the Youla-Kucera factorisation. One such factorisation for a P-controller can be found in [27] and is given in equation (43) for the right coprime factorisation and in equation (44) for the left coprime factorisation. 
Here F is the state feedback matrix and L is the observer gain matrix. Using the coprime factorisation of controller and plant the augmented controller can be expressed as in equation (47).
For an augmented controller as presented in equation (47) it might seem that the order is higher than for the nominal controller. The order of the two controllers has been shown to be the same in [28] . In the case of the observer based control design the controller J k can be written in state space form as in equation (47).
Since a full order observer has been implemented the order of the nominal controller is the same as for the plant. From equation (48) it is easy to see that the augmented controller has the same order as well why the computational effort is the same with the nominal controller and the augmented.
